UCG facilitates deep-seated coal seam utilization in the Jamalganj deposit (Bangladesh) by producing synthesis gas for electricity and fertilizer production. Based on previous studies which assessed UCG combined with carbon utilization in a urea process, we further investigated excess CO2 utilization by means of enhanced gas recovery (EGR) at the Bahkrabad gas field. Our techno-economic modeling results demonstrate that an economic and carbon neutral UCG operation with urea production and EGR is feasible. Thus, this approach introduces a bridging technology that can tackle Bangladesh's fertilizer and power supply shortages in addition to increasing gas recovery from Bangladesh's depleting natural gas deposits.
Introduction
Resulting from a continuous growth in population and the agriculture sector, fertilizer demand in Bangladesh is rapidly increasing. The installed annual capacity of the seven national urea fertilizer plants sums up to 2.895 Mt urea providing 2.480 Mt urea, whereas 0.749 Mt urea (23.2 %) had to be imported in 2006. In order to cover its fertilizer demand, Bangladesh requires additional production capacities of 1.122 Mt urea per year [1, 2] . However, the main cause for insufficient national fertilizer production consuming about 24 % of the national energy supply, is a lack of electric power supply. The total installed electricity demand is about 6,000 MW, whereby the overall energy supply __________ sums up to 3,800 MW only [3] .
Against this background, Kempka et al. [4] assessed the exploitation of the Jamalganj coal field (Northwest Bangladesh) via a combined underground coal gasification (UCG) operation with electricity generation, the subsequent storage of excess CO2 in the former UCG reactors and CO2 utilization in an integrated urea process. UCG operates according to the principle of borehole mining, whereby the target coal seam is developed by injection and production wells. An oxidizer is injected into the coal seam via the injection well, the seam is ignited and coal subsequently converted into a high-calorific synthesis gas in a sub-stoichiometric gasification process. After its transportation and processing aboveground, the UCG synthesis gas is applicable for e.g. electricity generation or as chemical feedstock for liquid fuel, hydrogen, synthetic natural gas, methanol or fertilizer (e.g. carbamide) production [4] [5] [6] . The focus of the present study is to integrate and assess a conceptual approach of UCG combined with excess carbon capture and utilization (CCU). The power required for the UCG-CCU process can be provided by an integrated combined cycle gas turbine (CCGT) power plant which is fueled by methane produced in the UCG process. According to the calculated CO2 storage capacity in the former UCG reactors, about 12 % of the excess CO2 could be stored in-situ in the present case. Also taking into account the CO2 storage capacity in the UCG reactor vicinity in this calculation, total CO2 storage potentials may be increased by an insignificant amount only [7] .
Even though located close to the western branch of the north-south broad-gauge railway line, the selected UCG target coal deposit Jamalganj (cf. Fig. 1 ) is not economically exploitable by conventional coal mining due to its depth (640 m to 1,158 m) [8] . Fig. 1 . Location of the UCG site (Jamalganj coal field), the CO2 transport pipeline and the Bahkrabad gas field.
With regard to existing transport infrastructure applicable for the transport of UCG products as well as the absence of conflicting interests in the Jamalganj coal resources by conventional coal mining applications, the suggested UCG-CCU system provides various advantages for Bangladesh. Taking into account the proposed economically competitive and energy-autonomous UCG-CCU process, urea import dependency can be diminished to zero, while so far unmineable domestic coal resources become available for economic extraction. This supports the domestic gross adding value and reduces CO2 emissions, whereby about 16.2 % of the excess CO2 are used for urea production and about 83.8 % applied to employ enhanced gas recovery (EGR) at the almost depleted Bahkrabad gas field. Consequently, CO2 utilization for urea production and its utilization in EGR operations allows for a completely carbon emission neutral UCG operation in addition to increasing the gas recovery rate from Bangladesh's almost depleted gas fields.
Methodology
Techno-economic assessments undertaken for the present study are based on the suggested coupled UCG approach introduced by Kempka et al. [4] . Thereto, the given techno-economic modules were further developed by introducing an enhanced utilization concept also including EGR operation using excess CO2 from the coupled process not required for urea production.
EGR target area
The Bakhrabad gas field, located at about 300 km southeast from the Jamalganj coal deposit and 40 km east of Dhaka (cf. Fig. 1 ) still exhibits natural gas resources of about 92.1 million rm³, indicating that 54 % of the initial 200 million rm³ gas resources are already produced. However, the remaining natural gas cannot be economically extracted due to a significant decrease in reservoir pressure resulting from 30 years of production (1984-2013), since well head pressures at the Bakhrabad gas field currently require the use of additional compressor trains to feed the natural gas into the existing high-pressure gas pipeline network after its processing at the surface [9] . The Bakhrabad gas field has a lateral extension of 690 km², a net thickness of about 234 m and lies at an average depth of 2,029 m [9,10].
Techno-economic commercial scale set-up
For an integrated techno-economic assessment of the proposed coupled UCG-CCU process, we adapted the techno-economic UCG-CCS model developed by Nakaten et al. [11] and extended it by the urea and EGR processes. Furthermore, compared to the UCG economic assessments undertaken by Kempka et al. [4] , we additionally implemented specific modules (cf. Fig. 2 ) for the present study to e.g. consider pressure losses in the injection and production wells [11, 12] . Furthermore, utilizing the implemented pressure loss calculation tools [11] , we calculated the pressure losses during CO2 transportation from the combined cycle power plant to be located close to the Jamalganj coal deposit to the Bahkrabad gas field to determine if intermediate compressor trains are required. This allows for a more accurate quantification of the surface infrastructure costs and power requirements for the proposed UCG-CCU operation. Aiming at reducing the drilling costs, and thus elaborating an economically optimized infrastructural setup for the overall process, only the thickest of altogether seven coal seams in the Jamalganj deposit was selected to be mined by UCG operation. The coupled process is designed to generate 3,511 t urea/day (1.12 Mt urea per year), and thus supply Bangladesh's complete urea demand by domestic production. The selected coal seam has an average thickness of 12.3 m and is located at an average depth of 884 m. Hence, the selected target area (cf. Fig. 3 ) extent of 1.8 km x 1.8 km provides coal resources of 59.8 Mt assuming an average coal density of 1.5 tons/m 3 [8] . For the UCG process setup, the Controlled Retracting Injection Point (CRIP) technology was considered, as it provides a better control of the gasification process compared to other known UCG methods. Furthermore, it has been proven in deep-lying coal seams of low permeability [5, [13] [14] [15] . To determine the optimum coal yield for the selected target coal seams, the required amount of wells was calculated considering the UCG reactor width and optimal well spacing. Thereto, a conservative seam thickness to cavity width ratio of 1:2 and an inter-reactor distance to seam thickness ratio of 2:1 were assumed [11, 16] . Taking into account an equivalent daily gasification front progress of about 3 meters in each gasification reactor as derived from UCG coal consumption modeled by Luo et al. [17] , three gasification channels have to be operated simultaneously to ensure a coal supply of about 3,600 t/day required for urea production. Aiming at an individual control of the UCG process by managing oxidizer injection rates and liner retraction, each UCG reactor is controlled by a separate liner. Thus, we considered three injection wells with 37 directional in-seam drillings to initialize the gasification channels and one production well (cf. Fig. 4 ), since only one liner can be used per injection well. To increase the coal yield, injection and production wells are located outside of the target area (cf. Fig. 4 ), whereby the target area is subdivided into three UCG panels. Taking into account an oxidizer mass flow rate of 134 kg/h/injection well, the nominal bottom hole assembly (BHA) tool diameter of the three injection wells was determined to 12.7 cm. Consequently, a maximum drilling deviation of 20°/30.5 m (trajectory radius of 87 m) can be achieved [11, 18] . Pressure loss during oxidizer injection amounts to 2.3 bar. The production well has a BHA tool diameter of 17 cm, allowing for a 6°/30.5 m maximum drilling deviation (trajectory radius of 291 m) with a pressure loss of 4.1 bar.
Considering an installed CCGT power plant capacity of 155 MWel, a power plant efficiency of 58 % and a yearly UCG operational time of 8,000 h, coal resources in the target area will last for about 25 years. An integrated air separation unit (ASU) provides the oxidizer based on a mixture of 60 % O2 and 40 % N2 for the UCG process. Taking into account the above mentioned overall process dimensions, a daily oxidizer amount of about 9,600 t is required. Preferred gas compositions are characterized by high H2 and CH4 contents, whereby CH4 is required for electricity generation and H2 for urea production (Fig. 2) . However, in the present study we maintain a UCG synthesis gas composition achievable under the given operational boundary conditions (oxidizer composition, coal seam depth, etc.) as proposed by Kempka et al. [4] : 30 % H2, 8 % CH4, 22 % CO, 8 % N2, 32 % CO2. Subsequent to the UCG synthesis gas dehydration at the surface, carbon monoxide is converted into CO2 by a CO-shift and then removed by CO2 scrubbing. 16.2 % of the CO2 produced is required for carbamide production. Carbamide is generated using the urea process at a pressure of about 14 MPa and a temperature of 180 °C. Thereto, carbon dioxide is compressed in a multi-step compressor until achieving synthesis pressure while ammonia (NH3) pressure is increased using a high-pressure pump resulting in an exothermic condensation to ammonia carbamate (CH6N2O2). Followed by endothermic drying, carbamate is converted into urea (CH4N2O). This process is repeated applying the CO2 strip process to fully consume the remaining ammonia (Fig. 2) . Urea process products are similar to the stoichiometric composition of ammonia and carbon dioxide, and thus cannot be further reduced [4] . Excess carbon dioxide (83.8 %) not required for carbamide production is transported to the Bakhrabad gas field for EGR via a pipeline of 300 km length (cf. Fig. 1 ).
EGR potential assessment
EGR operation in the Bakhrabad gas field by utilization of excess carbon dioxide from the UCG process was investigated based on a volumetric reservoir balance considering an average reservoir pressure calculated from the currently known well head pressures. Here, the NIST database [19] was applied to calculate the pressure and temperature dependent properties of CH4 and CO2. Simplified radial symmetric simulations taking into account average reservoir depth, thickness, porosity and permeability using the TOUGH2/EWASG software package [20] were employed to verify that the proposed injection rate of 156.25 kg/s does not result in bottom hole pressures exceeding the initial reservoir pressure. Our simulation results indicate a total storage capacity of 140 Mt CO2 and an average reservoir pressure increase to about 200 bar resulting from CO2 injection without any natural gas production. Nevertheless, 3D reservoir simulations on using multiple CO2 injectors and natural gas producers need to be carried out to determine maximum recovery rates.
Results
Taking into account 3,600 t/day of coal being consumed by UCG and a synthesis gas to coal consumption ratio of 2,100 sm³/t coal, an integrated 155 MWel CCGT power plant used for autonomous power supply as well as a synthesis gas composition of 30 % H2, 8 % CH4, 22 % CO, 8 % N2 and 32 % CO2, a daily urea production rate of 3,511 t is feasible.
To operate the UCG process, oxidizer production of 64.1 Mt for the entire 20 year operational time is required. Costs for oxidizer production sum up to 312.9 million €. Power required for ASU operation amounts to 60 MW and that for oxidizer compression and injection to 39 MW. Costs for synthesis gas processing (e.g. sulfur, ash and tar removal) amount to 101.9 million € CAPEX (capital expenditure) and 86.9 million € OPEX (operational expenditure).
H2 separation costs from the synthesis gas by gas calibration are 1.47 billion € for the entire operational time of 20 years [4] . NH3 production in the urea process and its conversion to carbamide is accounted with 190 €/t NH3.
The nitrogen required for the urea process (1.6 kt N2/day) can be supplied from 18.8 kt N2 daily generated as a byproduct of oxygen production (7.6 kt O2/day) in addition to 354 t H2/day and 2.6 kt CO2/day. Excess process gas component mass flows are 13.3 kt N2/day and 13.5 kt CO2/day, whereas the latter is utilized in EGR.
CAPEX for CO2 capture sum up to 37.5 million € and annual OPEX to 24.3 million €. Total annual CO2 compression costs for the given excess CO2 amount to 5.17 million €/year (1.44 €/t CO2). Calculated power requirements for CO2 compression and pumping for pipeline transport [21] are 8.5 MW and 5 MW, respectively.
With a pipeline inlet pressure of 15 MPa and pipeline diameter of about 16 inch [22] , the pressure loss during pipeline transport is calculated to 1.8 MPa. The required well head pressure at the injection well for full reservoir repressurization to about 20 MPa is 18 MPa, while the average well head pressure at the producers is 3.8 MPa [23] . Thus, the reservoir pressure can be calculated to about 4.9 MPa assuming a CH4 column in the production well. However, excess CO2 from the scheduled UCG operation requires less than 64 % of the initial gas in place volume, so that only partial reservoir re-pressurization has to be achieved. Additional pumping would be required to increase the well head pressure at the injector above 13.2 MPa (pipeline outline pressure), and thus allowing for a reservoir re-pressurization of up to 15.6 MPa. Annualized CAPEX and OPEX for CO2 transport amount to 3.9 million €/year (1.12 €/t CO2), whereby annualized costs for CO2 injection at the Bahkrabad gas field sum up to 0.38 million €/year (0.11 €/t CO2).
If the remaining 92.1 million rm³ gas resources (at reservoir conditions) in the Bakhrabad gas field are recovered by EGR, the total CO2 storage potential amounts to 140 Mt CO2. Considering a constant daily CO2 injection rate of 13.5 kt CO2, EGR could be operated for about 31 years in total based on the excess CO2 from UCG, power and urea production.
For utilization of the UCG target area (1.8 km x 1.8 km), a drilling infrastructure of three injection wells, 37 gasification channels and one production well is suggested. Overall drilling costs sum up to 163.4 million €. Applying the suggested well layout (cf. Fig. 4 ) for coal gasification, the achieved coal yield is about 51 %. The installed power plant capacity of 155 MW covers the power required for all implemented process steps of about 140 MW. Hereby, synthesis gas processing and CO2 capture require about 2.5 MW and 22.2 MW, respectively. Urea production power demand is about 1.9 MW. Costs of dehydrated urea production are about 178 €/t urea, and thus competitive with the current urea world market price of about 231 €/t [24] .
Conclusions
Our techno-economic modeling results demonstrate that compared to the present urea world market price, an economic and carbon neutral operation of underground coal gasification combined with urea production and EGR is feasible in Bangladesh. Furthermore, the results emphasize that a total substitution of urea imports can be realized by urea production from domestic coal resources. Moreover, excess CO2 allows for an economic continuation of production from almost depleted natural gas fields. The proposed UCG-CCU process is energy autonomous, and thus not affected by Bangladesh's power supply shortages as experienced nowadays.
According to the coal resources present in the Jamalganj coal deposit and the full CO2 utilization potential in the scope of urea production (16.2 %) and EGR in the Bahkrabad gas field (83.8 %), the coupled UCG-CCU process can be operated at the proposed scale for about 31 years considering a development of further coal seams at the Jamalganj coal deposit. For this time period, natural gas production enhancement by EGR in the Bahkrabad gas field can provide an additional gas amount of up to 18 billion sm³.
Considering an average daily gas production capacity amounting to about 57 million sm³/day and a supply gap of 14 million sm³ in the daily projected gas demand [25] , the additional recoverable gas reserves from the Bakhrabad field could fuel Bangladesh's total gas demand for 253 days. Nevertheless, extensive 3D reservoir simulations are required to determine realistic gas recovery rates and maximum efficient realization of the proposed EGR operation. In summary, our techno-economic modeling results demonstrate that an economic and carbon neutral UCG operation with urea production and EGR is feasible. Thus, this approach introduces a bridging technology that can tackle Bangladesh's fertilizer and power supply shortages in addition to increasing gas recovery from Bangladesh's depleting natural gas deposits. Furthermore, the proposed UCG-CCU scheme can support the implementation of a carbon neutral and domestic energy production strategy, since merely 8 % of the domestic resources are currently available as reserves [26] , what results in a high primary energy import dependence.
